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Spontaneous transient elevations of intracellular calcium (Ca2/i ) have functional roles in the development of Xenopus
spinal neurons. However, less is known about the roles of elevations of Ca2/i in the differentiation of other cell types. We
have examined Xenopus myocytes as a ®rst step in determining if Ca2/i transients are a more general feature of differentiation
in excitable cells. We ®nd that cultured myocytes, like neurons, exhibit spontaneous Ca2/i transients during an early
developmental period. These transients average 1.4 min in duration and occur at an average frequency of 6/hr in cultures
containing myocytes and neurons. Culture conditions can in¯uence transient production; for example, myocyte-enriched
cultures have a lower incidence of transient-producing cells. Transients persist in 0-Ca2/ medium, indicating that they
arise from intracellular stores. Caffeine-sensitive Ca2/ stores are present in these cells, and depletion or block of these
stores eliminates transient production. To determine if transients play a functional role during development, we blocked
their production with intracellular BAPTA, a rapid Ca2/ chelator. Cellular differentiation is signi®cantly inhibited only
when BAPTA is applied early in development, during the period of transient production, while later BAPTA treatments
have no effect. Blocking transient production severely perturbed myo®bril organization and sarcomere assembly. However,
other aspects of myocyte differentiation were not affected by transient blockade, indicating that not all myogenic differentia-
tion programs are regulated in this manner. Our results suggest that spontaneous Ca2/i transients play a role in cytoskeletal
organization during myo®brillogenesis. q 1996 Academic Press, Inc.
INTRODUCTION sients are suf®cient to promote these aspects of neuronal dif-
ferentiation in a frequency-coded manner (Gu and Spitzer,
1995). However, the developmental signi®cance of spontane-Recent work indicates that intracellular calcium (Ca2/i )
ous elevations of Ca2/i in other types of excitable cells hastransients at early stages of development may regulate normal
received less attention.differentiation. Increases in Ca2/i have been correlated with
We have examined embryonic Xenopus myocytes early inrapid induction of immediate early genes (Lerea and McNa-
their differentiation to search for spontaneous Ca2/i transientsmara, 1993; Sadoshima and Izumo, 1993; Werlen et al., 1993),
and investigate their function. This approach allows directand Ca2/i transients as short as 1 min can be suf®cient for full
comparisons between two different excitable cell types thatinduction of c-fos and zif268 transcripts (Werlen et al., 1993).
differentiate during the same developmental period. XenopusSpontaneous Ca2/i transients observed in Xenopus spinal neu-
myocytes are also particularly well suited for such a study sincerons are necessary for normal differentiation in culture, since
many markers of differentiation are available for these cellsÐblocking these transients prevents normal extension of neu-
including assays of morphology, electrical excitability, and therites, maturation of potassium current kinetics, and develop-
expression of muscle-speci®c structural proteins. These multi-ment of GABA immunoreactivity (Holliday and Spitzer, 1990;
ple assays are critical for determining whether differentiationHolliday et al., 1991; Desarmenien and Spitzer, 1991; Spitzer
has been altered by interference with the normal generation ofet al., 1993; Gu et al., 1994). Moreover, imposed Ca2/i tran-
Ca2/i transients. In particular, the highly ordered arrangement
of skeletal muscle proteins into myo®brils and sarcomeres fa-
cilitates detection of alterations in structure correlated with1 To whom correspondence should be addressed. Fax: 619-534-
7309. E-mail: ferrari@jeeves.ucsd.edu. perturbations in transient production.
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preliminary analysis of individual cells was done with a region-of-We report here that Ca2/i transients are developmentally
interest measurement macro written for Image 1.5 (courtesy of X.regulated, occurring early in myocyte development but dis-
Gu and E. Olson), while real-time data were saved both directly toappearing by 15 hr in culture. Additionally, we show that
VHS tape and compressed via time-lapse VCR (GYYR 1800) forthese transients are not dependent on extracellular Ca2/,
further analysis.indicating that they arise by release from intracellular
Fields of view were selected for imaging based on low cell density
stores. We present evidence that caffeine-sensitive stores and morphological identi®cation of developing myocytes (typically
are involved in transient production. Finally, we show that 6±15 per ®eld). Cells were imaged for 15-min to 2-hr durations, at
these transients are necessary for some aspects of differenti- 0.2 or 0.1 Hz to avoid photobleaching and toxic effects. When sev-
ation, particularly myo®brillar organization and sarcomere eral different cultures had been imaged, low cell density ®elds were
assembly. These observations lay the groundwork for stud- marked on the bottom of the dish to facilitate later identi®cation
of individual cells. In other cases, cultures were left in place onies of the mechanisms triggering transient production and
the microscope stage with constant perfusion and imaged withthe signal transduction cascades by which they exert their
time-lapse recording. Time-lapse bright-®eld video imaging waseffects.
interleaved with ¯uorescent imaging for unequivocal identi®cation
of cells in high density ®elds. Myocytes could move distances of
50 mm in 1 hr; time-lapse recording allowed both identi®cation and
accurate analysis.MATERIALS AND METHODS
Increases in ¯uorescence were measured using Image 1.5 and the
measurement macro. Cells or subcellular regions of interest were
Cell culture. Mixed (neuron±myocyte) or myocyte-enriched
encircled and uniform background values were subtracted from
(neuron-free) primary cultures were prepared from neural plate
cellular values for the period of imaging. These ¯uorescence valuesstage Xenopus embryos (stage 15; Nieuwkoop and Faber, 1967) us-
are reported as raw pixel intensities or are converted to percenting established techniques (Kidokoro et al., 1980; Holliday et al.,
increases over cellular baseline values as F/F0. Result arrays were1991; Ribera and Spitzer, 1991). This stage is several hours after
saved to disk for display and analysis with commercial graphicscells have completed their ®nal cell cycle and is 6 hr from the
programs.onset of anterior somitogenesis (Kato and Gurdon, 1993; Scales et
Fura-2 measurements. Young myocytes (4±6 hr in culture)al., 1990). To prepare mixed cultures, the posterior neural plate
were loaded with the membrane-permeant ratiometric dye fura-2-with adjacent lateral regions was excised and placed in a divalent
AM (2 mM solubilized in DMSO; Molecular Probes) for 1 hr andcation-free medium (in mM: 117 NaCl, 0.7 KCl, 4.6 Tris, 0.4 EDTA,
visualized using a Zeiss Photomicroscope and a Dage 72S ICCDpH 7.8) for 20±30 min to promote disaggregation. Cells were gently
camera. UV excitation from a Xenon lamp (Opti-Quip) wasaspirated and plated in 35-mm tissue culture dishes (Costar) in
switched between wavelengths of 340 and 380 nm using ®ltersstandard saline (in mM: 117 NaCl, 0.7 KCl, 1.3 MgCl2, 2 CaCl2 ,
(Chroma Technology Corp., Brattleboro, VT) in a lambda-10 shutter4.6 Tris, pH 7.8), zero-calcium (0-Ca2/) saline (as above, no added
wheel (Sutter Instruments, Novato, CA) controlled via a PentiumCaCl2), or 0-Ca2/ saline containing 2 mM EGTA. Myocyte-enriched
PC running the Meta¯uor software package (Universal Imagingcultures were made from mesoderm, which was separated from
Corp., West Chester, PA). Cells were imaged for 15 to 30 min atendoderm and neurectoderm after treatment with Collagenase B
10-sec intervals. The equation [Ca2/]  Kd∗b∗ (R 0 Rmin)/(Rmax 0 R)(0.5 mg/ml, Sigma) in a low Ca2/ saline (in mM: 117 NaCl, 0.7
was used to estimate [Ca2/]i (Grynkiewicz et al., 1985). Rmin andKCl, 0.5 CaCl2, 8 Hepes, pH 7.8). Mesoderm was then dissociated
Rmax were determined using in situ calibration with ionomycin (10and cells were plated as above. Observations of Ca2/i transients
mM) in 0 Ca2//2 mM EGTA and 5 mM Ca2/, respectively. b is thewith ¯uo-3 were made for all culture conditions; subsequent experi-
ratio Fmin/Fmax at 380 nm; a Kd value of 170 nM was used (Pethigments (i.e., fura-2 imaging, caffeine and BAPTA applications, im-
et al., 1989) based on an intracellular potassium concentration ofmunocytochemistry, and electrophysiological recordings) were per-
100 mM in these myocytes (Spitzer, 1976).formed on mixed cultures in standard saline.
Immunocytochemistry. Myocytes were initially screened withFluo-3 imaging. Cells were loaded with the Ca2/ indicator ¯uo-
six different antibodies to determine which muscle-speci®c anti-3 AM (Molecular Probes, Eugene, OR) by bath application (2 mM
gen(s) would be useful. We sought an antigen in suf®cient abun-solubilized in DMSO; ®nal [DMSO] 0.1%). Indicator loading time
dance and with a recognizable pattern such that differences follow-was 30±60 min for most experiments; cultures were subsequently
ing experimental treatment might be resolved. Antibodies to sarco-washed in 5±10 vol of standard saline. Changes in intensity of the
meric proteins (myosin, tropomyosin, and titin) proved of most¯uo-3 signal were observed in single cells using Plan-Neo¯uor wa-
value, and the antimyosin monoclonal MF20 was chosen for subse-ter immersion objectives on Zeiss photomicroscopes with epi-illu-
quent experiments. The MF20 monoclonal antibody was generatedmination. Two different systems were used for imaging: (1) a Bio-
by Donald Fischman and was obtained from the DevelopmentalRad MRC 600 confocal laser system with COMOS software (Bio-
Studies Hybridoma Bank (Department of Pharmacology and Molec-Rad, Hercules, CA) running on a PC clone (Northgate Computer
ular Sciences, Johns Hopkins University School of Medicine, Balti-Systems, Minneapolis, MN) and (2) a shutter-controlled (Uniblitz
more, MD and Department of Biological Sciences, University ofT132) mercury arc lamp (Opti-Quip, Highland Mills, NY) with a
Iowa, Iowa City, IA) maintained under contract from the NICHD.Dage-MTI SIT 68LX camera (Dage-MTI, Inc., Michigan City, IN)
Fluorescein (FITC)-conjugated secondary antibody (rabbit anti-using the Image 1.5 program (W. Rasband, NIH) on Macintosh com-
mouse IgG H / L; Jackson ImmunoResearch, West Grove, PA) wasputers. No system-related differences in transient activity were
used to visualize MF20 labeling.observed. Images were digitized and saved using either the COMOS
Myocytes were ®xed at 24 hr with 0.37% (w/v) formaldehyde inprogram or video acquisition boards (Data Translation, Marlboro,
MA) and the Image 1.5 program on Macintosh computers. On-line (mM ) 80 NaCl, 10 EGTA, 10 MgCl2, 10 Pipes, pH 6.5, for 10 min
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followed by 5 min in fresh ®xative with 0.5% (v:v) Triton X-100. after plating by the criteria described above. The external recording
solution contained (in mM): 125 NaCl, 3 KCl, 2 CaCl2 , 0.4 CdCl2,Cultures were then washed with 5 vol (10 min each) Tris-buffered
saline (TBS, in mM: 80 Tris HCl, 10 MgCl2 , 10 NaN3, pH 6.7). 5 Hepes, 2 NaOH, 0.2 mg/ml tetrodotoxin, pH 7.4. Pipettes con-
tained (in mM): 100 KCl, 10 NaCl, 5 EGTA, 10 Hepes, 2 MgATP,Volume restrictor rings were used for all subsequent steps. Cells
were blocked for 1 hr in antibody buffer (AbB): 2% (v:v) rabbit 20 KOH, pH 7.4, and had resistances of 2±4 MV. Cell capacitance
and series resistance (RS) were determined from current transientsserum (Sigma) in TBS. Primary (1:1 in AbB) and secondary (1:50 in
AbB) incubations were either 3 hr at room temperature or overnight elicited by 10-mV depolarizing voltage steps. RS compensation
(50±90%) was applied during recordings. ACh (10 mM) in theat 47C. Primary and secondary incubations were followed by wash
in 5 vol (10 min each) of AbB. After the ®nal wash, restrictor rings external solution was applied by puffer using a patch pipette (100-
ms puff, 5 psi). To minimize desensitizing effects of ACh, severalwere removed and cultures were mounted (10% 1 M Tris, 90%
puffs were ®rst delivered to the pipette away from the cell. Theglycerol, pH 8.5) for observation.
pipette was then quickly repositioned 20 mm from the cell andMyocyte and sarcomere identi®cation. Myocytes were exam-
the response to a single application was recorded at a holding poten-ined at 24 hr in culture, equivalent to stage 33 (Nieuwkoop and
tial of 060 mV. Current traces (2 sec) were ®ltered and digitizedFaber, 1967). By this time Xenopus myocytes have functionally
at 1 kHz and the response amplitude was determined by subtractiondifferentiated in several respects; they express acetylcholine (ACh)
of the preceding baseline from the peak current. IKir was recordedreceptors and voltage-gated channels and are contractile (Kidokoro,
with a series of 30-msec voltage steps (0130 to 030 mV) from a1992; Spruce and Moody, 1992; Brehm et al., 1982, 1984; DeCino
holding potential of 040 mV. Leak-subtracted current traces wereand Kidokoro, 1985; Henderson and Spitzer, 1986; Moody-Corbett
®ltered at 3±5 kHz and digitized at 20 kHz. Steady-state meanet al., 1989; Kidokoro and Saito, 1988; Ribera and Spitzer, 1991).
current amplitudes were measured over the last 5 msec of the volt-They are easily recognized due to their characteristic elongated
age step. Both acetylcholine receptor (AChR) and IKir currents arespindle shapes and visible striations under phase-contrast optics
expressed as pA/pF to normalize for cell size.(4001). Only bipolar myocytes, with length ⁄41 width, were ex-
Analysis and statistics. For ¯uo-3 measurements, the ampli-amined; multipolar cells and round myoballs were not considered.
tudes of Ca2/i transients were measured as percentage of increaseIn order to con®rm the accuracy of morphological identi®cation,
over baseline at their peak. Events were scored as transients if theysmall contractions were elicited via application of either KCl (50±
deviated from baseline by more than 115% with time-to-peak £45100 mM ) or ACh to the bath (1 mM ) or directly onto cells (10 mM )
sec. Transient durations were measured at their base, i.e., initialvia puffer pipette. More than 90% of morphologically identi®ed
deviation from baseline to return. Numerical data are presented asbipolar myocytes contract with this simple assay.
means { SEM and statistical tests (Student's paired two-tailed tSarcomeric myosin labeling was visualized using a Zeiss Photo-
test for split embryo experiments; unpaired two-tailed t test for allmicroscope and ¯uorescent optics. UV epi-illumination (Opti-Quip
other comparisons) and regression analyses were considered sig-Model 1600 with 2.0 neutral density ®lter) of the FITC-conjugated
ni®cant below the 0.05 level.secondary antibody was visualized at 1601 and 4001 using Zeiss
Plan-Neo¯uor water immersion objectives. Composite images of
total myosin labeling at 4001were created by projection of confocal
z-series sections taken in 1.2-mm steps. Sarcomeric structure was RESULTS
well de®ned by the MF20 antibody and individual sarcomeres were
counted in the ®rst 10 bipolar cells encountered in both control and
Spontaneous Ca2/i Transientsexperimental cultures. The immuno¯uorescence was suf®ciently
robust to count sarcomeres at multiple focal planes without exces- Xenopus myocytes developing in culture generate sponta-
sive loss of signal due to photobleaching. neous elevations of Ca2/i (Figs. 1±3). Cells were scored as
BAPTA experiments. Embryos were split mid-sagittally for active when they produced one or more transients during a
these experiments; one half was used for BAPTA cultures and 30-min imaging period. The percentage of active cells ob-
the other half for controls. Cultures were treated at 0, 6, 12, or
served in mixed cultures increases with longer imaging18 hr in vitro. Experimental cultures were treated for 1 hr with
times (15 min 13%, 30 min  34%, 1 hr 59%; r 0.45,BAPTA-AM (5 mM solubilized in DMSO; Molecular Probes), a
P  0.004, n  38 dishes). These results suggest that longermembrane-permeant Ca2/ chelator, while control cultures were
imaging periods would ®nd most myocytes active. This im-incubated in vehicle. Excess chelator was then washed from the
aging duration-dependent increase in the percent of activecultures in the same manner as described for the Ca2/ indicator
dyes. At 24 hr, experimental cultures were compared with paired cells is not correlated with changes in the characteristics
controls. In BAPTA imaging experiments, cells were loaded with of transients themselves (i.e., frequency, amplitude, or dura-
either BAPTA ®rst, followed by ¯uo-3 or fura-2, or the com- tion), suggesting that the increase in activity is not an arti-
pounds were coloaded. factual consequence of imaging. In addition, there is no cor-
ACh response and potassium current measurements. Inward relation between transient activity and indicator loading
recti®er potassium (IKir) currents and current responses to exoge- times (10±60 min), nor between transients and postloading
nously applied ACh were examined in myocyte cultures with stan-
delay to imaging (0.5±3 hr), suggesting that transients aredard whole-cell voltage clamp recording methods (Hamill et al.,
not an artifact of indicator concentration or processing.1981), using a DAGAN 8900 ampli®er and pClamp acquisition and
Ca2/i transients are produced only within the ®rst 15 hr inanalysis software (Axon Instruments, Foster City, CA). Pairs of
culture and are not observed at later times (Fig. 1D). Thecultures from split embryos were treated with BAPTA-AM or
lack of spontaneous transients is not due to changes in up-DMSO alone for 1 hr at 6 hr after plating. Myocytes in control and
BAPTA-treated cultures were selected for recordings at 24±28 hr take of dye, as myocytes at 24 hr show elevations of ¯uo-
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FIG. 1. Spontaneous transient elevations of Ca2/i in developing myocytes. (A) Bright-®eld image of ®ve myocytes at 7.5 hr in mixed
culture. Cells 1±3 have already established bipolar morphology; cells 4 and 5 have extended small processes. Cells 4 and 5 produced
spontaneous transients during the imaging period, while cells 1±3 were inactive. (B) Same ®eld of view as A at 24 hr in culture. Note
that all ®ve cells have assumed the characteristic spindle-shaped morphology of Xenopus myocytes in culture. Bars for A and B are 50
mm. (C) Spontaneous transients in cell 4 during imaging from 7.5±8 hr in culture. Fluorescence values are given as percentages of increase
above cellular baseline values (F/F0, %). Sampling rate was 0.1 Hz. Transient activity occurs in 34% of myocytes when imaged for 30
min in these conditions. (D) Distribution of transient incidence versus time in mixed cultures. Data are from 30- and 60-min imaging
experiments. Each point is the percent of active/total myocytes per ®eld for 30-min imaging periods. Note the cessation of activity at
about 15 hr in culture.
rescence in response to bath application of ACh (1 mM) or generate regular transients at rates of 7±10/hr for periods of
up to 2 hr (Fig. 2A). Later, transients are produced moreKCl (50 mM ) (data not shown). Transients appear uniformly
throughout the cytoplasm and do not appear localized to irregularly, with an average rate of 6/hr (Fig. 2B; Table 1).
Transient frequencies do not change signi®cantly as a func-any speci®c subcellular compartments. However, localized
triggering events and associated spatially restricted Ca2/ tion of culture age (simple regression, P  0.21, n  74
cells). Transient durations average 1.4 { 0.1 min (n  74changes could have escaped detection with the low sam-
pling rates employed. cells; Table 1). While transient amplitudes and durations
can be relatively constant within cells during periods ofIn mixed cultures, young myocytes (0±4 hr in culture) can
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FIG. 2. Spontaneous Ca2/i transients display greater variability with increasing time in culture. Culture conditions and imaging protocols
as in Fig. 1; ¯uorescence values given as F/F0 . (A) Ca2/i transients in developing Xenopus myocytes early in culture. Transients can display
substantial regularity in frequency, amplitude, and duration within a cell. Such regularity in transient production has been observed for
periods up to 2 hr, but only at early times in culture. Three representative cells in mixed cultures. Top: 3±3.5 hr; middle: 2±2.5 hr;
bottom: 1.5±2.5 hr. (B) Ca2/i transients produced later in culture. Note the greater variability in frequency, amplitude, and duration in
single cells. Image acquisition as in A. Top: 7±7.5 hr; middle: 4.5±5 hr; bottom: 3.5±4.5 hr.
imaging (Fig. 2A), variability in amplitudes and durations is { 24 for mixed and n  295 { 24 for myocyte-enriched;
n  cells/dish; n  35 dishes/condition).also observed in single cells (Fig. 2B). However, population
histograms (not shown) suggest the existence of a single
class of amplitudes, and the data are tightly ®t by a linear
Independence of Transients from Extracellularregression over the range of baseline values (r  0.98, P 
Calcium0.0001, n  171 events).
To determine the role of extracellular Ca2/ in transient
production, cells were imaged in 0-Ca2/medium containingComparison between Mixed and Myocyte-Enriched
EGTA. In both mixed and myocyte-enriched cultures, nei-Cultures
ther removal nor removal plus chelation of extracellular
Ca2/ affects the incidence of active cells or duration of spon-Myocytes were examined in both mixed cultures, con-
taining neurons and myocytes, and in myocyte-enriched taneous transients (Fig. 3; Table 1). While acute removal of
extracellular Ca2/ does not block generation of transientscultures, which lack neurons. The incidence of transients
is twofold greater in mixed than in myocyte-enriched cul- or alter resting [Ca2/]i , we considered the possibility that
continued transient production may ultimately require ex-tures (P 0.037), independent of the presence of extracellu-
lar Ca2/ (Table 1). Transients are also signi®cantly shorter tracellular Ca2/. However, cells chronically cultured in 0-
Ca2/ continue to produce transients up to 7 hr in vitro (Fig.in duration in myocyte-enriched cultures (P  .025), while
amplitudes do not appear to differ. These differences are 3B). Transients in 0-Ca2/ are produced at higher frequencies
(14.5 { 2.5/hr, n  18 cells) early in mixed culture (0±4 hr)unlikely to be due to observational artifact, as the data in-
cluded only cultures with identical observation times, indi- and decline to 5.7 { 0.9/hr later in culture (4±8 hr; simple
regression, P  0.0005, n  27 cells). To assess the role ofcator loading and postload imaging times, and imaging dura-
tions. Although there were signi®cant differences in tran- extracellular Ca2/ in development, we determined whether
myocytes would differentiate in chronic 0-Ca2/ medium.sient incidence and duration between mixed and myocyte-
enriched cultures, there was no difference in the numbers Myocytes grown for 24 hr in 0-Ca2/ appear morphologically
normal and contract in response to both ACh and KCl inof bipolar myocytes in split embryo experiments (n  298
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FIG. 3. Ca2/i transients persist in 0-Ca2/ medium. Imaging protocol as in Fig. 2. (A) Transients are present at early times in 0-Ca2/ mixed
cultures. Neither average transient incidence nor duration are affected by 0-Ca2/ (Table 1), although transients are generated at higher
and more variable frequencies early in culture. Top: 1.5±2 hr; middle: 1.5±2 hr; bottom: 1.5±2 hr. (B) Transients persist up to 7 hr in 0-
Ca2/ culture. Transient frequency decreases later in 0-Ca2/ culture medium, falling off to rates seen in standard culture medium. Top:
5±5.5 hr; middle: 5.5±6 hr; bottom: 5±5.5 hr.
standard medium (data not shown). All subsequent studies volved in their generation. Ryanodine receptor (RyR) stores,
were performed on myocytes in mixed cultures containing which are caffeine-sensitive, are well documented in mus-
standard medium. cle cells and are present in these myocytes during develop-
ment in culture. Application of 10±40 mM caffeine elevates
Presence of Caffeine-Sensitive Calcium Stores Ca2/i in both young (2±8 hr in culture; n  31/36) and ma-
ture (24 hr in culture; n  38/38) myocytes. Brief applica-Since repeated elevations of Ca2/i are not dependent upon
in¯ux, one or more stores of releasable Ca2/ must be in- tions of caffeine can mimic spontaneous transients (Fig. 4A).
TABLE 1
Characteristics of Spontaneous Calcium Transients in Developing Xenopus Myocytes
Mixed Myocyte-enriched
Culture
medium Standard 0-Ca2/ Standard 0-Ca2/
Incidence 34.3 { 4.9 36.2 { 7.5 16.1 { 5.0 18.3 { 4.2
(% active/total) (n  29) (n  16) (n  16) (n  13)
Duration 1.4 { 0.1 1.4 { 0.1 1.1 { 0.1 1.0 { 0.1
(minutes) (n  74) (n  38) (n  33) (n  43)
Frequency 6.0 { 0.4 9.8 { 1.4 6.8 { 0.8 3.1 { 0.3
(events/hour) (n  74) (n  38) (n  33) (n  43)
Note. Data are from 30-min imaging periods, 0±15 hr in culture; values are means { SEM. n, number of dishes (incidence) and number
of cells (duration, frequency).
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8313 / 6x12$$$$43 08-20-96 14:12:29 dbas AP: Dev Bio
490 Ferrari, Rohrbough, and Spitzer
FIG. 4. Caffeine-sensitive stores in Xenopus myocytes. (A) Brief perfusion of 40 mM caffeine can mimic spontaneous Ca2/ transients.
Note the similarity of responses in these two cells at 4 hr in culture. Solid bars and times indicate duration of caffeine application.
Ordinate is raw pixel intensity (F). (B) Spontaneous and caffeine-stimulated Ca2/ release can have similar amplitudes in single cells.
A single spontaneous transient is followed by 40 mM caffeine/40 mM ryanodine to deplete ryanodine receptor stores at 5.5 hr in
culture. Transients are not seen after store depletion (n  22 cells). (C) Chronic application of a low concentration of caffeine (100
mM ) broadens transient durations an average of 175 { 13% (n  11 cells at 2.5±3 hr in culture). (D) Caffeine response in a myocyte
grown for 24 hr in 0-Ca2/ culture medium (gray bar). Bath application of 30 mM caffeine (solid bar) in 0-Ca2/ demonstrates that
caffeine-sensitive stores are present. ACh application indicates that ACh receptors have been expressed. Similar observations were
made in 38/38 cells.
The magnitudes of these elicited responses are comparable caffeine indicates that stores are not signi®cantly depleted
during development in 0-Ca2/ medium.(150±200% of baseline) to those of spontaneous transients
(Fig. 4B). When stores are depleted with caffeine (30±40
mM) or combined caffeine/ryanodine (30 mM/10 mM ) treat-
Suppression of Spontaneous Transients andment, transients were not observed (Fig. 4B; n 22 cells; 20-
Measures of Resting [Ca2/]ito 30-min imaging periods). Transients are also abolished in
cultures containing 100 mM ryanodine to block release Production of transients was blocked by BAPTA-AM, a
(n  109 cells; 30- to 60-min imaging periods, 3±9 hr in membrane-permeant fast Ca2/ buffer. Cells loaded with
culture). In addition, spontaneous transients observed in BAPTA show no spontaneous transient activity when im-
cultures treated chronically with low concentrations of caf- aged for 30- to 60-min periods 1±3 hr after loading during
feine (10±100 mM ) are broadened by an average of 175 { 3±9 hr in culture (n  40 cells), but retain the ability to
13% (n  11 cells; Fig. 4C). respond to caffeine (Fig. 5A). In order to estimate the dura-
We examined the dependence of caffeine-sensitive stores tion of Ca2/ chelation by BAPTA, mature myocytes (24 hr
on extracellular Ca2/, since myocytes continue to produce in culture) were loaded with BAPTA and tested at 1-hr inter-
transients and differentiate in 0-Ca2/ medium. Myocytes vals until ACh-induced contraction recovered to normal
grown for 24 hr in 0-Ca2/ medium not only appear morpho- levels (90% of cells contract by visual inspection; not
logically normal and are contractile, but also show substan- shown). By this functional assay, Ca2/i was effectively che-
lated for 4±6 hr.tial responses to caffeine and ACh (Fig. 4D). The response to
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FIG. 5. Buffering [Ca2/]i blocks production of Ca2/i transients and perturbs morphological differentiation. (A) Young myocytes were loaded
with BAPTA-AM (5 mM) and ¯uo-3 (2 mM) for 1 hr and then imaged. No spontaneous transients were observed in BAPTA-AM-treated
cells (n  40) imaged for 30 ±60 min. Responses to 30 mM caffeine serve as a positive control that ¯uo-3 can still report Ca2/ elevations
in the presence of BAPTA. Ordinate is raw pixel intensity (F ). (B) Developmental sensitivity to BAPTA-AM treatment. Cultures were
prepared from split embryos, with one half for control exposure to DMSO vehicle and the matching half for BAPTA-AM treatment. Single
applications of BAPTA-AM (5 mM/1 hr) were made at 6-hr intervals during development in culture; i.e., cultures had a single application
at 0, 6, 12, or 18 hr in culture. There are signi®cant reductions in myocyte numbers at 24 hr in culture following single treatments at 0
or 6 hr (asterisks) but not at 12 or 18 hr. Each bar represents the mean { SEM of eight dishes.
Since BAPTA treatments blocked spontaneous elevations Therefore, direct measures of [Ca2/]i were made with fura-
2 at 6, 18, and 24 hr in the presence and absence of BAPTAof Ca2/i , cultures were treated with BAPTA for 1 hr at 0, 6,
12, or 18 hr in culture. In a morphological assay, total counts (Table 2). In these experiments, potential complicating con-
tributions from BAPTA ¯uorescence were determined em-of bipolar myocytes were made for each dish at 24 hr (n
 8 dishes/condition; Fig. 5B). Applications at 0 or 6 hr pirically. BAPTA alone does not ¯uoresce at either 340 or
380 nm in myocytes, nor does it alter the ¯uorescence ofsigni®cantly reduced the number of bipolar myocytes com-
pared to controls (P  0.02 and P  0.003, respectively), fura-2 when [Ca2/]i is elevated with ionomycin treatment.
These observations are further supported by the ®nding thatwhile treatments at 12 or 18 hr were without effect. This
early period of BAPTA sensitivity corresponds to the period BAPTA does not change the resting levels of Ca2/i reported
by fura-2 at 6 or 18 hr in culture (Table 2). Resting cytosolicof transient production and suggests that morphological dif-
ferentiation depends on elevations of Ca2/i . Ca2/ is low in these myocytes, with values (25±60 nM)
comparable to those reported in cultured developing mam-Although BAPTA treatment suppresses spontaneous ac-
tivity, it could also have acted to alter the resting [Ca2/]i . malian skeletal muscle (Bakker et al., 1993; Rivet-Bastide
et al., 1993).
Assessment of Cytoskeletal Development FollowingTABLE 2
Suppression of Calcium TransientsResting Calcium Levels during Development and
with BAPTA Treatment To examine cytoskeletal differentiation, sarcomeric myo-
sin was labeled with the monoclonal antibody MF20 and an
Time in
FITC-conjugated secondary antibody. The labeling patternculture 6 hr 18 hr 24 hr
coincided with the striations observed under phase-contrast
Control 31.0 { 4.8 53.7 { 5.3 63.7 { 3.6 or bright-®eld illumination at 4001 (Figs. 6A±6D). No au-
(n  48) (n  33) (n  57) to¯uorescence was observed in either live or ®xed cells, and
there was no labeling with omission of MF20 primary. TheBAPTA 24.3 { 1.7 57.5 { 6.3 46.1 { 3.0
separation of individual sarcomeres (A bands) within myo-(n  67) (n  22) (n  52)
®brils was best resolved with MF20 (Figs. 6A±6D), com-
ns ns P £ 0.0003 pared to other tested antibodies against sarcomeric proteins
(e.g., anti-tropomyosin, anti-titin). This may have been dueNote. Fura-2 imaging methods were used to determine resting in-
to either the relative abundance of myosin and/or differ-tracellular calcium. Cells in mixed culture were loaded in standard
ences in primary titers, but proved useful for scoring sar-medium with either fura-2 alone or fura-2 plus BAPTA (see Materials
comere numbers.and Methods and Results). Values are means (in nM) { SEM, n,
number of cells. ns, not signi®cant. Split embryo cultures were treated with BAPTA-AM for
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FIG. 6. Disruption of myo®bril orientation and sarcomere assembly by blocking Ca2/i transients. (A±D) Striations and sarcomeric myosin
immunoreactivity at 24 hr in control cells (A, B) and cells treated with BAPTA at 6 hr in culture (C, D). Single bright-®eld images at left
correspond to confocal composite z-series (1.2-mm steps, 12±16 sections per cell) pseudocolor representations of sarcomeric myosin labeling
at right. Note the regular alignment and orientation of myo®brils parallel to the long axis in control myocytes (A, B) compared to the
disruption of myo®brillar organization and alignment after BAPTA suppression of Ca2/i transients. Cells A and D represent most cells in
control and BAPTA-treated (6 hr) cultures, and cells B and C show that the observed defects are not dependent solely on morphology.
Scale bar in B is for A and B and scale bar in D is for C and D; both bars are 20 mm.
1 hr at either 6 or 18 hr during development and examined brils and sarcomeres. Therefore, total counts of sarcomeres
in 10 randomly selected bipolar myocytes were made forat 24 hr for MF20 labeling. BAPTA treatment at 6 hr re-
sulted in highly irregular orientations of myo®brils (Figs. each dish at 24 hr. BAPTA application at 6 hr signi®cantly
reduced the number of sarcomeres per cell compared to6C and 6D), and most cells appeared to have fewer myo®-
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1995). Since IKir also appears during the period of Ca2/i tran-
sient production, the development of this current was ex-
amined in control and BAPTA-treated cultures. IKir was dis-
tinguished by its activation at potentials negative to 070
mV, characteristic rectifying conductance (Figs. 8C and 8D),
and complete block by 1 mM Ba2/ (not shown). Neither the
peak current densities of IKir at 0130 mV nor the overall
current±voltage relations at 24±28 hr were signi®cantly dif-
ferent between control myocytes (n  29) and myocytes
treated at 6 hr with BAPTA (n  35; Fig. 8D), indicating
that suppression of Ca2/i transients did not affect the devel-
opment of this current.
DISCUSSION
FIG. 7. Sarcomere numbers in control and BAPTA-treated myo-
cytes determined at 24 hr in culture. Individual sarcomeres (based Generation of Calcium Transientson MF20 immunoreactivity as in Figs. 6A±6D) were counted in
the ®rst 10 randomly encountered bipolar myocytes per culture. The generation of spontaneous Ca2/i transients in embry-
BAPTA treatment at 6 hr, but not 18 hr, signi®cantly reduces the onic Xenopus myocytes is independent of Ca2/ in¯ux, since
number of sarcomeres per cell (*P  0.0001). Sarcomeres were transients continue during the prolonged absence of extra-
counted throughout the multiple focal planes necessary to ensure cellular Ca2/. Myocytes cultured for 24 hr in a 0-Ca2/ me-complete counts. Bars are the mean { SEM for the number of
dium appear to maintain caffeine-sensitive stores. Thesemyocytes indicated in the insets.
observations indicate that myocytes are extremely ef®cient
in retaining Ca2/i , since they continue to release Ca2/ from
stores and resequester it without substantial loss. Highly
ef®cient intracellular pumps and low membrane permeabil-paired DMSO-treated controls (Fig. 7; control: 373 { 14,
ity to Ca2/ are likely to contribute to maintenance of thesen  120 cells, BAPTA: 255 { 13, n  120 cells, P  0.0001).
stores early in development.However, BAPTA treatment at 18 hr was without effect on
That transient production is independent of extracellularsarcomere number (Fig. 7; control: 385 { 21, BAPTA: 396 {
Ca2/ is perhaps not surprising given that voltage-gated Ca2/20, n  70 cells each, P  0.69) and myo®bril organization.
currents do not begin to develop until 9±12 hr in culture
(Linsdell and Moody, 1995). A threefold increase in Ca2/
current density occurs at about 15 hr in culture. Therefore,Assessment of Electrical Excitability Following
spontaneous intracellular transients disappear as cells be-Suppression of Calcium Transients
come competent to promote Ca2/ in¯ux through membrane
channels, raising the possibility of a causal relationship be-Embryonic Xenopus myocytes in culture begin to express
functional acetylcholine receptors (AChR) within 4 to 5 hr tween these events.
Our results show that myocytes have caffeine-sensitiveafter plating at stage 15, and receptor number increases for
several days thereafter as assessed from studies of single stores throughout their development. Caffeine stimulates
Ca2/ release by activating the RyR, and these stores areAChR channels (Leonard et al., 1988; Rohrbough and Kido-
koro, 1990). Since AChR are initially expressed during the responsible for Ca2/-induced Ca2/ release (CICR). Both
depletion and block of these stores eliminated transient pro-period in which Ca2/i transients are generated, we deter-
mined whether BAPTA treatment at 6 hr altered the re- duction, indicating that CICR contributes to the production
of transients. However, it remains possible that othersponse to ACh at 24±28 hr. Though the number of myo-
cytes was signi®cantly reduced in BAPTA-treated cultures, sources of Ca2/i , such as IP3-sensitive stores, could either
trigger or participate in these elevations. Caffeine applica-mean cell capacitance (50.2 { 1.8 pF, n  38) was the same
as in control cultures (50.0 { 1.2 pF, n  37). ACh (10 tion can be used to mimic endogenous transients (Fig. 4A)
and will be a useful tool for assessing the developmentalmM) applied by pressure pipette elicited comparable inward
currents with the same peak current densities at 060 mV importance of such parameters as amplitude, frequency,
and/or total Ca2/ load. This is of interest since information(153 { 5 pA/pF and 159 { 7 pA/pF, respectively) in paired
control and BAPTA-treated cultures (Figs. 8A and 8B). is encoded by the frequency of Ca2/i elevations in other cell
types (Gu and Spitzer, 1995; Meyer and Stryer, 1991; WoodsThe inward recti®er potassium current (IKir) is the earliest
developing voltage-gated current in Xenopus myocytes, ®rst et al., 1986).
Ca2/i transients induced by ACh, high potassium, andappearing in culture within several hours after plating at
stage 15 (Spruce and Moody, 1992; Linsdell and Moody, caffeine have been studied in developing mammalian
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FIG. 8. Acetylcholine receptor (AChR) and inward recti®er potassium current (IKir) measurements in whole cell recordings from control
and BAPTA-treated cultures. (A) Macroscopic AChR currents in myocytes from 6-hr treated paired control (upper) and BAPTA-AM cultures
(lower) recorded at 24 hr in culture. Currents were evoked by single focal applications of 10 mM ACh (horizontal bars; 100 ms, 5 psi) at
a holding potential of 060 mV. Note the similarities in peak current magnitude and kinetics. (B) Mean peak AChR current densities at
24±28 hr were the same in control cultures and cultures treated at 6 hr after plating with BAPTA-AM. The number of myocytes for each
condition is inset in the bars. (C) IKir at 24 hr in culture from paired control (upper) and BAPTA-treated (at 6 hr) myocytes (lower) activated
by a series of 30-msec voltage steps (0130 to 030 mV) from a holding potential of 040 mV. Steady-state current density at each potential
was determined from the current averaged over the last 5 msec of each trace. (D) Mean IKir steady-state current±voltage relations at 24±
28 hr did not differ signi®cantly between control and BAPTA-treated myocytes. The number of myocytes for each condition is indicated
in the key.
muscle in culture at several developmental stages includ- transients. The duration of transients in 0-Ca2/ medium
ing myoblasts, myoballs, and myotubes (Cognard et al., was the same as in Ca2/-containing medium, in both mixed
1993; Flucher and Andrews, 1993; Rivet-Bastide et al., and myocyte-enriched cultures, indicating that extracellu-
1993). These studies focused on the relationship between lar Ca2/ does not play a role in modulating transients after
stimulated transients, CICR, and excitation± contraction they have been triggered. Moreover, the incidence of tran-
(EC) coupling. Spontaneous transients were occasionally sients also remained unchanged in 0-Ca2/ medium. How-
observed in myoballs and myotubes that were electrically ever, the removal of extracellular Ca2/ altered transient fre-
active and contractile (Flucher and Andrews, 1993). Since quencies, increasing them in mixed cultures and decreasing
our results show that spontaneous Ca2/i transients are them in myocyte-enriched cultures.
present at early stages of differentiation, before the devel- Comparison of mixed and myocyte-enriched cultures
opment of electrical excitability and contraction, similar shows that the latter contained 50% fewer active cells, al-
transients may also occur early in differentiation of mam- though the total number of morphologically differentiated
malian muscle. myocytes per dish was similar to that in mixed cultures.
The minimum amount of transient production to assure
proper differentiation is unknown, and extrapolation sug-
Effects of Culture Conditions
gests that most cells in enriched cultures would be found
to be active if observed for 7 hr (compared to 3.5 hr forThe four culture conditions used in this study provide
clues about the mechanisms of production of spontaneous mixed cultures). Since the observed frequency of transients
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in myocyte-enriched cultures is not different from that ob- served in two vertebrate RyR mutants (chicken: Airey et
al., 1993a,b; mouse: Takekura et al., 1995). Mutant animalsserved in mixed cultures, the triggering events that initiate
transient activity appear to be independent of the intracellu- lack RyRs and show severe myo®brillar defects. It has there-
fore been suggested that the RyR could be playing an im-lar mechanisms that regulate transient frequency.
The lower level of activity in myocyte-enriched cultures portant structural or physiological role during development.
In most nonmammalian vertebrate skeletal muscle, two dif-may have altered differentiation in ways that were not mor-
phologically apparent. For example, myocytes are capable ferent isoforms of the RyR are expressed, termed a and b
(Airey et al., 1990; Olivares et al., 1991; Lai et al., 1992;of autonomous differentiation in single cell cultures, but
ACh receptor clustering, the development of sarcomeres, O'Brien et al., 1993). Expression of the a isoform signi®-
cantly precedes b expression, suggesting that the two iso-and extended survival are compromised in comparison to
mixed culture controls (Henderson and Spitzer, 1986). This forms may make different functional contributions during
development (Sutko et al., 1991). The crooked neck dwarfimplies that secreted factors and/or ECM components pres-
ent in mixed cultures may be necessary for these aspects (cn) mutation in chicken has been associated with the loss
of normal expression of the a isoform and defects in sarco-of development. Our results from mixed versus myocyte-
enriched cultures suggest that transient production is in- mere assembly (Airey et al., 1993a,b). This observation and
our results suggest that the a isoform may play a physiologi-¯uenced by a factor(s) present in mixed cultures and raise
the possibility that transients regulate one or more of those cal role during development. Therefore, release of Ca2/i ap-
pears to be important not only for EC coupling in matureaspects of differentiation compromised by growth in single
cell cultures. Since transients appear to play a critical role muscle, but also for proper construction of the contractile
apparatus.in sarcomere formation, it will be of interest to test the
prediction that myo®bril and sarcomere formation will be
reduced in myocyte-enriched versus mixed cultures.
Eliminating Transients Does Not Perturb Electrical
Excitability
Suppression of Transient Production with BAPTA Prevention of transients had no effect on the development
of macroscopic AChR currents or IKir . This is in accord withIf transients have a functional role during development,
then abolishing them should have observable consequences. observations that AChR and voltage-gated channel develop-
ment in muscle cells are not coupled to the expression andBAPTA is a fast Ca2/ buffer with a higher af®nity and faster
kon rate than EGTA (Tsien, 1980; Pethig et al., 1989; Rob- organization of sarcomeric proteins. Myoballs can develop
electrical and synaptic properties without differentiatingerts, 1993). Chelation of Ca2/i with BAPTA demonstrated
an early Ca2/i -sensitive period. However, the BAPTA effect morphologically or ultrastructurally (Young and Poo, 1983;
Evers et al., 1989). Additionally, the muscle-derived electro-could have been due to suppressing transients or to chang-
ing the resting [Ca2/]i . Fura-2 imaging with BAPTA showed cytes of Torpedo, Electrophorus, and other electric ®sh ex-
press the full complement of AChRs and voltage-gatedthat transients are prevented without altering resting levels
of Ca2/i . This result suggests that BAPTA may act to prevent channels necessary for electrical excitability, but lack orga-
nized SR and associated myo®brillar and sarcomeric struc-transients from being triggered, since BAPTA does not com-
pletely buffer large caffeine-stimulated increases in [Ca2/]i . ture (Bass, 1986; Bennett, 1971). Thus the expression or
assembly of sarcomeric proteins can be uncoupled from pro-
grams involving channel expression and assembly, and it
Eliminating Transients Perturbs Myo®brillogenesis appears that Ca2/i transients play an important develop-
mental role only in the former. Further study of myocyteBlocking production of Ca2/i transients results in pro-
found changes in myo®brillar orientation and sarcomere differentiation (e.g., expression of muscle-speci®c metabolic
enzymes) is necessary to examine other potential roles ofassembly. Myo®bril construction begins at approximately
stage 24, equivalent to 9 hr in culture, with initial myo®bril Ca2/i transient production.
and sarcomere formation beginning at the cell periphery;
addition of new myo®brils and sarcomeres continues in-
General Role for Calcium Transients in Cellularward over the next 50 hr (Huang and Hockaday, 1988). The
Development?observed effect with BAPTA treatment at 6 but not 18 hr
in culture implies that BAPTA itself did not induce a non- Both neurons (Gu et al., 1994; Spitzer et al., 1995) and
muscle cells (Flucher and Andrews, 1993; this study) gener-speci®c disruption of myo®bril and sarcomere assembly. In
addition, measures of cell capacitance indicate there are no ate spontaneous Ca2/i transients during development, yet
do so by different mechanisms. Neuronal transients are de-signi®cant changes in cell size with BAPTA treatment. Our
results suggest that Ca2/i transients may be involved in both pendent on in¯ux (Holliday and Spitzer, 1990; Gu et al.,
1994; Gomez et al., 1995), while myocyte transients arespeci®cation of myocyte morphology and determination of
myo®bril orientation and/or sarcomere nucleation sites. generated by intracellular stores. Transients could be a gen-
eral mechanism for the control of differentiation. StudiesInterestingly, similar structural defects have been ob-
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8313 / 6x12$$$$43 08-20-96 14:12:29 dbas AP: Dev Bio
496 Ferrari, Rohrbough, and Spitzer
neural tube effects on the excitability of cultured Xenopus myo-of Ca2/i homeostasis during primary differentiation of other
cytes. J. Neurosci. 5, 1471±1482.cell types will be necessary to assess the prevalence and
Desarmenien, M. G., and Spitzer, N. C. (1991). Role of Ca// anddevelopmental signi®cance of Ca2/i transients. Future work
protein kinase C in development of the delayed recti®er potas-on myocytes will be focused on both the upstream mecha-
sium current in Xenopus spinal neurons. Neuron 7, 797±805.nisms by which these events are triggered and the down-
Evers, J., Laser, M., Sun, Y.-A., Xie, Z.-P., and Poo, M.-M. (1989).
stream mechanisms by which they regulate differentiation. Studies of nerve-muscle interactions in Xenopus cell culture:
analysis of early synaptic currents. J. Neurosci. 9, 1523±1539.
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